
UNCLASSIFIED

AD NUMBER

AD001908

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution: No Foreign.

AUTHORITY

ONR ltr., 26 Oct 1977

THIS PAGE IS UNCLASSIFIED



echnical dInformation Rkency
SERVi CE CENTER

-, DING. PAYTONK 2, O HIO

it

W. (9iwlw mwww oWSw



AKA>

II

UNIV.3RSITY KCAliFOR'NIA

so~E ?I It

. . . . ............ W ý .. 1;....:0 Z..... ...



COMMRACT H7-CME-2'-95-7`lSK 3
PRO--T ARt (*-1-003
REPORT NO. ?W-15C-98 JICZS?(A8CFRD 371
SCfS NOC. 20-87 O"aRC NAVAL PSAIRE AND
MATCRH 21, 19,52 7FFICE OF SCRtw'ICl ?ZLARZH

FLUI-D FLC-m AnT)
1ZAT ThAXaM

AT Log FPS3UR-1
A2~M~~T

THECrIOAl AI2ODYNA.EC P¶OF-9TVM FOR AN ItCLIED FIAT H1ATE IN SLIP FIM

BY

S. F. MACL

FACUJTY IWVESTIGAT~:

R.G. FcYW~kN, ffF~aM CR OF H{ANICCAL RNOIWJlY&

SA. SE AF.ASSCCIATE I-h&:SCR CE £NGPZIN3 SCENC

Approved by:

o f



NOVME C LA TURN

a M correction factor for li4earized volooitV due to angle of attack
(sea eq. 4.1)

b = chord of flat plate

o = sound speed

o0 Y = center of pressure with respect to leading edge

C = aeroctyzmic coefficiet tUaSed n-n ma chad 00ii
- r .2

erfo = complementary error function defined by erfo (z) e dr

exp = exponential fumction defined b7 ezvz ( a) I •

H " 57Tj• (see eq. 5.3)

j = =- )R-ec for air, proportional to reciprocal of rare-

XZ U O I.,5 m oMz
faction parameter Mc

m= oment correction factor (see eq. 5,6 and MD 2720)

K N =n force correction factor (see eq. 4,11 and HFD 2719)

m = quantity in moment relation defined by eq. (5,2)

M a net mome&t about :eading edge of plate (both sides), positive in
c.c. rotation, pe' unit of opaP length

2- C , free stream Mach number

N net force acting normal to plate (both sider) per unit of ajtn

length

p pressitre

Re U - 0 , freo stream Reynolds number 'msed on chord b

Spanmmeter -cf the Laplace tranafrmr

T tutaI fci'ca acting tangent to tsint (both sides) per unit of span
! ngth

u = component of vClocity parallel to plate

UW = free 3tream v6locity

U r velocity parallel to plate from lltearised supersonic flxn theory
(see eq. 4,1)

v = crponeut of velocity normal to plate



NOM 0 SNC LA 2- URI (COIC'D)

x o ccr dtznmte aI rd, c h ord of rto

c ccrydim t,, nce. to 0pla te

Sangle of' attack1 rndiazw

B Bl0pe of thhe dianlacerizt th'tc1=su fruxtic

4 1.4 for- air, ratio :of speific heats

X 1.5 IL (approx.) for air, u022-cular mean~ free Path

PL m chanical viscositiW

kinectic YiBCOaitJ

a ~denrsty

i -1,wupensrrfacuoaf p~ste;2ploverim oursof pJA-V

00 a f r-ee s tream ccz itic

D dra g

L

mA cme-+,

N vr~Z.to plate

I- tn gezti to i 00pl2-&te

I a vloc±~port-urbti=B

- -Lap:.ace tranafor



itepcrt No. E~1398

10 AIMM&L I 0UCJTj

Srhe tbeory initiated ýV Ref. I. caomerna the drag ccefrioieont.
-for mte f-lat plate at ze±o augla- of attacuk-"- 'Lu th 5liY-ks.La regiai Of
1ercd'iym, 'cea. Experimntal verification ot tha t.sic resmults )i -Q~n~- i
theory was Oattaid In Ret. 2 in which messurements af the &;-- comEfi-
ajente of f2Lat pliatet wiere ztport~ed, cDvi-rizas the co~ixitions 2j3 CM.no <
3.63 .30C---eý,< 1650, and 0.08<N < 0.39 (2< sI jWAI

It is the purpoao of this ar~ayia to iuveatigmte the aero-
d~-rdc properties of a tbin flat plate at ammfl positive angles of
attack along the lines of tkat theory, Specifically this aalysis
studies the fag., lift) and momnt on the flat plate operating in air
under slip-flow oonditions at very as2.l angles of attack. The aialjZsis
wes simplified I;- first assuiming thant idalZ linearized supersonic f:low
conditions obtained mar the plate, and then aking first order corma-
tions for the effects of viscosity and slip and for the angle of gttack.

2.0 m

The results of the analyvsis ay-e contained in thxe quan~tities
O $ the tangential force (i.., sdn-. fricrtion) coeffi1cient; Lthe nar-

;1force correction factor; and Xv, the mceant carnation fkt"-- The
accnectioz fAct-or:. refeir 'v. the noo--mX.-A end u nt coffcieit n 9U

flat plate acs determ~ined by~ ideal fln~rlzed erpersonic f~m thecwy.
Graph-- of %m, K,,, and K. verais (!Wo 4~, the reciprocal of th ero
faction tszametsr, for FMm 2S 3, a~. 4 sre presented in BflIS278
2719, and 2720 respectivel.y.

The aeroc*ýniocCoeffic-iOnta ,sO C adC o s--?-m
as £u~tions or cK u to term of the firatb arwr iLf mA xiV.aa W*-Iuz

iLng results,, The tangential force coefficienit C Tis indn~pondczet .f
but varisa almost directly7 with the rarefactioc pzraaeter in tta alit-
flow regim. The narml force coefficient C is proportional to U, and
to Ls,;, but the faotav 1 doss not differ apý#eoiatUy from =iziy at a~r
rarefaction cionditlon (In tact, ý7 ±eza tban 2% Provided ii~ AL
Ll t cocfficient Clus almost thL-e identic'al claracter ct G --r
thiese considerations there results that if cw. iB of infinUteaisi cr*r$,
the trag ccefficieut 0p, is imdeapedent c* o( ad may beý t1axen t t-t
C~r eiaiated far zero angle of attack.

Cn theic ftner hand; the lift coefficient C- iB proprortiorae3.
to O< and dependcL rafrongly upon a negative contribuatton dmz to v wieh
becomes inoreasingly signtificz,-nt at the- higýýr~e~titudo OP&retingv cull-
ditioLi. Hmowe'ct- it nppears týýt the lift curve alcls dC1 /dc,( dCKY



1EYD 2T2L iF always positi.1ve aA_- 6,td- ~ wv t ~im
at the higoher-&littude, hUgher-speed ,ýonditions, Al: acor-in to this
arav1315 -the center of preemza fall2s jxuet forward or., but eess&'ti~aJli
atý the Ihl±7-chorG posiltion at all alltltu4e conditoio-r. wham kM 2

7The frictizn fczz.e ftt'~iwcz T(xr.) due t-j tea.oeity aet tan-
gent t~the pJla-ýs trfal-e and inB delnlm £f" zme sirfa'ne of tihe plate

y =0

The tawrtilfrrta T- per uanit of E-par ½2t.ac~ting cm the upper sar-
tact ci tht. Plate il ott~ined Zr1rz Sj. (.' -' Ref. .2, part' IT, aEý

1* 2 /06b
Týec ~-erfc(V + I (3U1)

L

A rreipz4r~g elatvior is f~z !:: T- the Uw-er rfa3

Theý tctrt b.hwL- fczs.e per- -=:tt c2' spa-r- length 19S tkbc giV7fl

T= T± 14(3.2)

-r--~ a.Lj L'ý ar.4t A' ataý C- 2 b44a q~

T 1:i 022i" Fn. t for ma-Iuer cf ck ;,ear c%.C T -my te rt-na

22

witirt th;e P-ime.3 dfrnot~e differentiatli&: wi'th rsp, 7 to_ý OK . y the
firs-,t tic te-ýrz are retainet, and L'cnaL titn Of "q (q2. T (CR)
=ay bve nt~tter, as

( l l0 a dU & zd cK Ciz 0

vhe C; It is reatdi47 neen that,

TL() Z= T.o AL n-T nd



By e-m-pJ.ing these relations in eq. (3.5) it is ftund, LB~ Mitit have
bO.en expected$ th.t up to terms of order c( , T(C() reducoe to

T (0c)= ) + Y1,(o) 2 T (o)

Thua, the total tangential force on tLva p.lats is essentially constant
cnex aasfllrlanrgvof earC12s0Q Itiseven for ea,,%un.4t.of
span length by

-P -r r p' I!

"ILkxu 'rrK x' - or 0.-4)

For agas rith 16 - 1.4fit is kznthat kCal ,5i1)
(F-efo 31 p. 2249 82), harts,

J bRe~
225M~,(3.5)

EIvation (3.4) may new be writt~en in tlu more eonflonient. foz-- in the
case of air:i

T P U.&-blM x i Wo 2 JC
KXPi (J00rc(~~ (3.6)

T1~citnttyin the second iart of brac~ee is the tangential
farce coeffioiert C *A P'aTh of C Tvess IR 0V OfrXO=29
ad 4 isshown in iH2718T. ~w V z fo M 0  ,

490 S LYI

In arder to~canpaut the farces acting nor1l ze tle platz,
tha prearfre coefficient on the plate is assumed 'the same as th~t on
a body in ideal linearized euiperuogio flew, having the shape dst4!t--hod
by the displsetemnt thiciknesoes (z)W cr4 (zC) on t q ippr &nt
1CiWj6lt Sa-'C~. hie49lamnn4it*ARrfsl l
at sffml azgiea of stt=ýc-k, this Odispaacomnt2 bo4l~ rI1 hav,3 sasen-

Unly sharp leading cdges (dsterrl.ntd byF 0 (0) - 1/1.5 k a, for a F'B
having a1,4). This implies thmtt no aaumsptiow neead be madz con-
corning the presence of a narm~l shock mvev at the le9Adlng edv of Ure

-6plaoinnut bosdy, as mqy erhspe be nsegsehar in the c-ase of uno-s lip
fime * z in the ev-,nitsti of +Mw tangential rm-ce, a.U effecets that
say occur 'nr t&c vicinity of t]he s5.cri and tra-litnq edge of the flat
plate amrciaitted hersa. The oshapi of tt. &Ljf-placemnt, bc4:ý iii &eter-
zined. frce the mitonm jar~tlel. veiccitisi U1 end U2, abor and below



tŽý !a te robet Im c -La tt-=cn-int. erns
flow theory for tbo flnat plat-R, an foflwwu..

The velo:14 j Coc~mpm4 Aa CM. 410 oh. U) oaltributing to
the nesdtizg ideal vailcriti-en V, AMA V, Lre uhm Mr~ 2.717 t, aMd
U-, &re %mifru and Tanfl-el to the plat4 e tý-

'A cc J co Z 0 o

sin ;&c '' a, these redtr. to

u ~ where a,.=Cos- C( sI

M,. I-

- where c = coscv + snCc
2

3eoaws ttp nonj.l forc ii to m n~tsted only tp to
torus of order X ,the aub~tituticau cep-t O 1 and sin CK CX appmr
w~arrne d at this point, 'ft, asu v="l We men tbtam lae& to mo easn
tiCl sixyl~ficacz of a the &Da17911,

11* &isfplacamint thik-joeg 0 alonC g meatrfsoe zr
the plate in ds..enmind by thea no'ot~y diatr'iktio u(zsy) f= tbIt
tuifa ceo &s ifollcora. A tiat plate of -0br aqi m"04 6 t~n -X4mA-Ac

'Tt L the 1md(ilzg e dge aS origrin 1 I fl aiwJ± , OWe nd~AhJ is fsXInug
unif. strnm with velxity U ratjifl toc tb plate .triacua !a

positive z-direotic-. T11w ffteA4t twa-diamsIcc1 bowA4.r laye eq'-=.
tim f= t' he ¶eloc-.I' cmpaonua u andiyna tu nr~fam is CMef. 5,9

p.135)

+V

This equntioz is 2.neari-zed tV oonsi~ring a pertmb&ttz 'u t

tU + Ul with lul << r

V witt «V U



t'Ppcn Lz-tttn i~ a~oeitwo eq. (4o2); e)a~ij, ahd ngblect-m
inag temts of second. order thez ~r~im there nsaiaLta

U, bL

At, tVrn ýface of~ the plpte eflp-tles zlom7 ft-, di.ftuve reflset-icn givna
tha bounary condition (Ref.b I

Xqtation (4.3) rithx totidnry cczditian (ýLJ cam ' solved
2ur tsm pei-t%=ttion velocity Qý(zj~y) gtote conie&niwt2yw b7 narW of
Japleace trar~afcnw LITfine' t-jb

The trtnsfor= of elm. (4,3) a-nd (14.4) &:-

U- 1 LL (.43)
d y

Eqistin ~4~)in &n c=rL' 7 &ffraztizJ. o qtr-.tion witith ni-rm(-eary a=-.
d~t±tc (4"4) and iae the guimral solution

Y/Gf

rj~ mqui~rerxent thwti u and kmnce Bý& a Yln;al for
large y L-Irli~s tha.t C1 e . The~at ~L~

b-cunday oorditUon (%42Z); home,

$e x
y-



'If T-qagured,- th~s nw-rturbrtion u'(xay) m be fotmd 1. app2.ying REf. 61
p.* 300, nos 86 to eq.43

Itho diuplaoemant thi,:kIees (x) c~wzfined bF

0 0

asin 'clIew ofage. (4.0?) thie t:-ansuf'am

FU

By means of Ref., 6, p. 297, no. A45, tha diapflaemwnt thiotzms a34cg
the plate avrface is f crjz4 to be

* V 2 1f77'

It nay bs of intereat to point out tst- tieaiiistt~i~~
the eaue of slip firs As not parabolic as it ;a fr the ~e& of no-clip

The slop,-%z of tie diap~aeeno.t thiokmaas wil be
partionJ.rJrA2y required ix: evaluating the runwt of the fero~a on the
pi&"ta- L=nr,.rj and is fo-umd diractly frcu eq. (4o6) to be

-~~~~ exo 7~1 erc _±L
x U A7 Uh7

ýM~ (x) is a decresin~g ttr-wtiot o ~xwith its r.~ <Uim
oeecis'rinc at the leading edgs (i.e. z s 0). For air X L -
herce, p(0) - ytIM,5L Timpilias tirts, ror inodente &oah znabers5x
the nose of the d~aplacenent body appears ?hearp !ri th, &pprttiimte
thciry being presented.



-7-

The flat plate at the s_•mel_ angle of ttaecck C with --a-spect to ta unmiform stream of vslocity U• *I.1 have on ite icrper sur-
face the displacement thicknesB 8* (i) given y sq. (4.61 up= anb-

stitttitg fm- U im eq. (4.6) the quantity o1 t eq. (4a)

•l*(e x .k e p k, d e r I- "= -cr' oJ 4 8

=/ Aý U=rS fA Jl

Coaspod ng2j, S kx) in obtaied forr the 2oovr emfoe- The slopes
Pn qx)x, ae ( not large at xs 0 and decrease faiL2y rapidly

with x; hence, the apprcwimtlon ta1 (n) " 1i snd ••)
- st 82O(x) are valid over most of ths- plate.

An expression f.tw te-- net force J per =t- "P span length
ezctintj norl. to the plate surfacews is nor fomd fr Refsf. 4, pp. 198-
200, as

b1
N- UC 2 to1d
N~ ' U ccSi)-j)+ alC

22 4 C~ e
4J ~ W2b)=ou~f(4.9)

Ax In the o-aee o2 the tangential force T, only the first two terms of
the apansima of N - N(C') in a power series i 0( abotrt C X 0 are
retained. ThIzi, X(c') - M0) +*C (;'(0) 0 ( . (0), becamio tbo com-
atan+,teT N-rw (1vaaaianmtr C 0 4", eq. (449). In view of

ýeSb)Nb) 60oI U Ub __

& -~~ - - exp 1erfciH - )r,

ed

3, b} Jb exp= ' =' e p x P erfc-'



j} OCCt 4;F'+ -~ exPy 7-)eric KK2 }

=82.42 of q.(3.5), s m7 to written in the case of air w.

2 4iI i h1+ -exp (4!)ertc (J.o~

The qmntity in the second se. cf braces is t~r narmal
0"'crce coefficient C of the flat plate. 1D&lud±g vAECOSity and alip

-,: ' ý +, v'hs qtflfltfi ' 4C<//~ ~ is ±ta nom force coeffi.'
Uiext, f c' the ftxt plate in tbe ideJ tuo-dtmen~iona2 s--tpervoorJ flow

(i 4y p, 24CC)ii Tb-w, the factor

2 2
K =I + 3. ezxp (JC ) eric ~~ ~.

--cG res e-nt3 a c orrect-ioan zO.. f=%ab 's coefficiet
'ýcorprmt L'or viusccsity and slip. A graph of vs. "I i&-U A for

'{ ~ ~ ~ I v 223al~4acnf~~ 719.

The center of xm~nt is taken as the leadling edge of
.ýi' plato (x =0) =1- the ncmnt is cons'dered povit.41e If the aer-o-

t -~tr ccfrces tezA two ratate the plate in aectrlhtedio-
Thel ta-agential st-ress omxtributeýs n&tiing to the zm~ent because

2wplate th2.cknzass was aassmd to be zeo. Ths momnt per unit cof
r-v- lnnýý- 1-- the gie I Rf.4 .21
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-C Ji AM~ L-[2C

L2

wlhare for convenience the foflloin-a dnidgmtios wre. a6 s

h

ByS3&w of earia (3.5),t (44)~h (4.7), and the *uwimtutu4i8:4~o5-,
(a'5o.2) becomoa b

(C() hip (0) erf c(fW) d19

0

This my be interagt,&I lj p~r&. wifth tie reivlt,

Vbmzrei atM a Sisgiven iz #q. 4

Acin the parew-inn-nan *"A.0my tw firm. -.So teTw of
%be~ serie" expansion of N - N(CK¶I ir- a p00r lenS iý C( about COhQ
av retained. The contatmt Umn is isen to nnmiah, uinm in eq. (5.15,)

In view of the nlatiom

6a1m, H, a : al, =

r-n 2 j 6H 2  bo:\
HR t bat b xcK H (UQ



aDd 
r

mI I I

tnd up= sustteu tio inoq. (5.1 o~e,4) toget csr vdt cx eltc

Theo qaantit with

yields the final ex-pre-ssion for the mount about the samding edge in
the ca~ie of air i

NiH t 2 b 2 9 c L + 4JN~M-

2-3 ui j

2 cx
The r; ms k~r mVIT-7 - t z nt cefficient

for the r."--t 1;2ate acecording to ideal. linrea-rized s'ap>eraoni: theary
with, the leading edge as racmnt center, TE's,, the factor

as in 6a (*5 )t

-iepresenta a crrecttio-n to be applied to the idx-aJ. M=euaojV'*.M.oietUA
to acr~otwt f=r visco~tt and slip4  A graph of /M. for

20 n 3,0 and A in sh---n in Mf 22C



+-I* mwls esrc*neio Prmpertiai othet flat plate o9eratinfg iz a-ir at
-1-m ~ ff,-'- ofa M) nd itL,4. T1 oPefficei-&' COn a&i

tm Uf% cetriA' m &4 nn

UL N 6r C ~

;ý"4~ toru rmly qto ardor X< ~&-m rttained (riaeo CMLrtg.)

Tb-, raphs ci ; , fD 272-1, shot it t.o be betwtný C)"1 &,Ya

20.U Zrv &U (pJavlsdM 2 M 0-4

Them sart coefficietjt wilth navcti- to the lsading ed.Fe

c wfrm' (6.3)

64a. 4
a.Mnag W4 .aas+r4a

aC. P.. - Te4- W&..

XIm the&~ 2!m V~ tbeery then center of preeutwe ftfl at ttY- 1a2.f-
ob~d pceitdtc. QaPczatrm~a as op. ao-oordtg ts q. (o") 'shc it to
be uliglitly oramd of that lcio;in facts

I. Li - Z-!! -''

t -ererwo p~ once rmine emsaentia12y at the half-cho-d

7m azywPt'rd%'c i'u-- of C-0I)&d 'far/1
Ln s cae2iAted bellw. Ta":e-- -,e aerfl I ½ m



free -moleemtie and c ontininm-flew region2s TcspaotiveJy.

c8 (4J 16;
CTO3 ~ 3 J,,M~

22 Jc2

+ Mm +Y 2~4

2 1 2 J.L
3M 4 , ~Tj'9Y~'~M~4



1, ThAVt~~t CttaZflhz tasory Or ReOf. 1. h" tweZ 6
te4Md-d to, kd hesar~ coefteIients C-D, 'L- =nd 01 at very

an_ e of at-tanck.

2. Th,, co-at*Lri-Ua-i's fatýMy
-maksn eq,,A1 two, 'the d~~to ofi~n un pnsent.d ir Ref. 2, part. 11,

ra. ri sLn-fCrietion sfrnassa t-,M to reduns CL at hi
rn~t*~~a h o)..seeDonditioms.

4. !Th aoet coo 9 tieiant CM wvfl not be uignitiont~y
greater im s.ip flow tbn 2 0( / (YI;=1 P its nJl-4 derived from ide&1
linearized two-diazsiom1 svparemc cietinvu-f1ow thcay.v

5. In gent-ral, uxopt fm' +.,e akin friction oooTfioient,.
tUs corrections to be app2.is to th enrod-ymaio formulas of linearized
supersonic theory, which acoouwt for viscosity and slip, will not Wes4
ni1fica~nt in the e3pnflnw region of awrodymr-ios. The or-rection ftoatjrs
involved -vary between l and 1.06 wba 2 go iA 4 and 2.5 £1 VE,/W&"o 12.5s
oond~itions l~'pica1 of operation in the La 3 UiAzt, WTr-.l C0ef; 7).

LARB 21, 1952 a * 7. 5.011
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